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Aerodynamic force data on the components of the X-15 airplane
have been obtained by both pressure and strain-gage measurements in
flights covering a Mach number range up to 6.04, altitudes up to

-
i

about 217,000 feet, and angles of attack up to 15°.

Comparison of the flight data with wind-tunnel data shows generally
good agreement for the flight conditions covered.

INTRODUCTION

In the design of aerospace vehicles which are required to maneuver
in the atmosphere, prime factors for consideration are the magnitude
and distribution of aerodynamic forces. The design forces and force
distributions for the X-15 airplane were obtained from an extensive
series of wind-tunnel tests in a relatively unexplored region. An
attempt has been made in the flight research program to verify some of
the force measurements with both pressure and strain-gage measuréments.
This paper presents some preliminary results of the flight force data
that have been obtained. The data are compared with the wind-tunnel
results of reference 1 and with some of the more familiar theoretical
methods and approximations.

The flight envelope of the X-15 airplane in terms of Reynolds
number plotted against Mach number is shown in figure 1. The solid
line shows the maximumn performance envelope as determined by a dynamic
pressure of 2,500 lb/sq ft at a2 maximum Mach number and an altitude of
250,000 feet. From this envelope 1t is anticipated that the flight
Reynolds numbers (based on the mean aerodynamic chord of the wing) will

*This document is based on a paper presented at the Conference on
the Progress of the X-15 Project, Edwards Air Force Base, Calif.,
November 20-21, 1961.

*¥Title, Unclassified.
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range from nearly 50 x 106 to below 10,000 at altitudes above

250,000 feet. The current flight envelope extends over a Reynolds
number range from about 40 x 106 down to 60,000. The cross-hatched area
shows the flight-test area for aerodynamic-force characteristics. The
area is limited by measurement accuracy to altitudes below about

100,000 feet, corresponding to Reynolds numbers greater than about

5 X 106. Wind-tunnel measurements of component forces and surface pres-
sures were obtained at the Reynolds numbers and Mach numbers shown. The
bar on the left represents tests at six Mach numbers at nearly constant
Reynolds number. The portions of the data published previously are
presented in references 1 to k.

SYMBOLS

CN normal force
oCy
CNa normal-force-curve slope, gar

CN,WF wing-fuselage normal-force coefficient
CN,WP wing-panel normal-force coefficient

C local wing chord of uncambered section, measured parallel to
plane of symmetry

average chord of wing panel

av
lp-p, x
Cn wing-section normal-force coefficient, b/1 ——af—@ o4 =
0
h geometric altitude
M free-stream Mach number
P local static pressure
P free-stream static pressure
[o.0]
q free-stream dynamic pressure
Sp planform area of the fuselage

\\Eﬁ\xx‘ total area of the wing
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Syp area of the exposed wing panel
X chordwise distance rearward of leading edge of local chord
o angle of attack

DISCUSSION

Pressure measurements are shown for a wing station near the
midsemispan in figure 2. Flight data are shown for an angle of attack
of 10° at Mach numbers of 4.7 and 5.4. The wind-tunnel data are shown
for comparison at a Mach number of 4.7. In addition, the figure
includes unpublished wind-tunnel data for a Mach number of T7.0. A
section profile is shown for this wing station. The wing section is a
modified NACA 66-005 airfoil, for which the leading-edge radius was
increased to 0.375 inch and the trailing-edge thickness was increased
to l-percent chord.

At a Mach number of 4.7, the wind-tunnel data demonstrate that
generally good agreement has been obtained between flight and wind-
tunnel pressure measurements. At this Mach number the fuselage bow
shock crosses the wing near the midsemispan. The effect of the bow
shock may be seen on the lower surface by comparing the experimental
data with shock-expansion theory for the isolated wing. The experimental
data show a pronounced compression as a result of the presence of the
bow shock near this station. The data at Mach numbers of 5.4 and 7.0,
however, agree with the theory for the isolated wing; thus, it is
indicated that the midsemispan is exposed to the free-stream conditions
by the inboard movement of the bow shock.

Figure 3 shows the wing-panel spanwise load distribution at a
Mach number of 4.7 and angles of attack of 10° and 15°. Both the
flight and wind-tunnel data were obtained from pressure measurements
at three span stations from which the values of the load parameter

cn<c/cav) were obtained by integration. The flight and wind-tunnel

data are in reasonable agreement. Included in this figure is the

linear theory for the isolated wing for comparison with the experimental
distributions. The theory is shown by the solid line adjusted in level
to pass through the data at the midsemispan. The data show that the
shape of the distribution of loading can be roughly predicted at these
angles of attack by the linear theory for the isolated wing.

The wing-panel normal-force-curve slope as a function of Mach

number for low angles of attack is presented in figure 4. Most of the
flight data presented were obtained from strain-gage data. Several
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points (square data symbols) are also shown which were obtained from
flight pressure measurements by integration of span load distributions
similar to those of figure 3. The data are compared with linear super-
sonic theory for the isolated wing. The reduction in slope at supersonic
Mach numbers agrees favorably with the linear theory. In addition, the
data indicate that the normal force of the wing is aboubt the same as

that of an isolated wing for the range of data shown.

It is of interest to mention that the strain-gage data in figure b
were obtained by using the Bakelite type of gage that has been employed
in previous flight research programs. It has been expected that these
gages would no longer be useful after the airplane had once exceeded a
Mach number of about 4, because of the high temperature. However, the
ground calibrations performed after the last flight, which exceeded a
Mach number of 6, have shown that the gages were still functioning
satisfactorily, even though temperatures above 500° F were experienced
in the vicinity of some gages. For the data shown, the duration of time
covered by the angle-of-attack change was short enough that temperature
changes were small.

Figure 5 summarizes the normal-force-curve slopes for trimmed
conditions in the angle-of-attack range from 0° to 5° for the horizontal
tail, the wing, the wing-fuselage combination, and the complete airplane.
The wing data are the same as those shown in figure U; however, the
coefficients shown in figure 5 are all based on the total wing area of
200 square feet. The slopés shown for the horizontal tail are those
obtained from the variation of the balancing-tail load with angle of
attack. The balancing-tail loads were obtained from strain-gage
measurements during maneuvers, which, in turn, were corrected to zero
pitching acceleration to obtain the conditions for balance. Figure 5
can be used to illustrate relative values of component loads for most
flight conditions, since the airplane is nearly symmetrical about the
horizontal plane. In general, the horizontal-tail load in trimmed
flight is about 10 percent of the total airplane load throughout the
test range of supersonic speeds. For the portion of the flight program
completed, maximum horizontal-tail loads have been well within the
design limits.

The normal-force values shown in figure 5 for the wing-fuselage
combination were obtained by subtracting the values for the horizontal
tail from those for the total airplane. Note that the normal-force
slopes for the wing are considerably smaller than those for the wing-
fuselage combination. This probably is due, to a large extent, to
effects of the fuselage side fairings.

Figure 6 shows the ratio of the wing-panel load to the wing~
fuselage load as a function of Mach number, as determined from the data
of figure 5. Included in this figure are two approximations based on

P— M= RY e
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the planform areas shown. The first approximation of 0.54 is the ratio
of the wing-panel area to the total wing area. This approximation is
often used at transonic speeds as a rough estimate. The second ratio

of 0.27 is the ratio of the wing-panel area to the total wing-fuselage
planform area. This approximation may be considered +to be roughly
applicable at hypersonic speeds. In spite of the rather large scatter
in the data, the trend of measured values is to decrease with increasing
Mach number from a level near the transonic approximation to a level
near the hypersonic approximation.

Figure 7 shows the fuselage pressure distributions over the upper
and lower surfaces of the airplane. The conditions shown are for a
Mach number of approximately 4.7 and angles of attack of 0° and 16°.
The wind-tunnel and flight data are in general agreement at both angles
of attack. It is of interest to note the usefulness of the tangent-cone
approximation in predicting the positive pressure coefficients. In
addition, the two-dimensional Prandtl-Meyer expansion is useful at this
Mach number to roughly predict the negative pressure coefficients,
approaching a vacuum over the canopy.

Figure 8 shows the pressures on the vertical tail caused by
deflecting the speed brakes 35°. The condition shown is for a Mach
number of 5.7 at an angle of attack of 0°. Pressures are shown at
three stations on the upper vertical tail and at one station on the
lower vertical tail. Wind-tunnel results at a Mach number of b7 are
also presented. The speed-brake hinge line is located at a value of
x/c of 0.65. There is general agreement between wind-tunnel and
flight data. The pressures are about the same on both the upper and
lower speed brakes. The effect of the speed brakes does not extend
appreciably forward or outboard, a fact which is attributed to thHeir
low aspect ratio.

Similar data for an angle of attack of 15° are shown in figure 9.
Both flight and wind-tunnel data are for a Mach number of L.7. At this
angle of attack the upper speed brake has little effect. This effect
1s associated with the general blanketing of the upper vertical tail by
the wing-fuselage flow field. In contrast, the lower speed brake
obtains a higher bressure at an angle of attack of 15° than at an angle
of attack of 0°., The large pressure rise still does not result in
extensive flow separation shead of the brake.

CONCLUDING REMARKS

Generally good agreement has been obtained between the flight and
wind-tunnel measurements for the flight conditions covered. In future

¥ - o i
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flights the pressure and strain-gage measurements will be extended to
higher angles of attack, where interference and nonlinear effects are
the predominant flow characteristics.

Flight Research Center
National Aeronautics and Space Administration
Edwards, Calif., November 20, 1961
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